this article presents a model of the environmental assessment of the system of wastewater collection, transport and treatment. the model was developed based on an original environmental assessment method of a system consisting of four elements: septic tanks, household wastewater treatment plants, a sewerage system and a central wastewater treatment plant. to conduct the environmental assessment, the Life cycle Assessment technique was applied. the intergovernmental panel on climate change (ipcc) method was also applied, which enabled the determination of the carbon footprint of the analysed wastewater management system. this article presents the outline of an original method applied to create a model and an inventory of the data necessary for environmental assessment and the application of the model for the environmental assessment of a system of wastewater collection, transport and treatment in a city with over 50.000 inhabitants. Three feasible variants (from a functional, technical, organizational and financial point of view) of the system's development were analysed. the variants were subjected to comparative analysis using the solution. the obtained results, together with the assessment method can be used as a practical tool to assess whether the european Commission's guidelines are met, as well as the challenges facing wastewater management in the circular economy are overcome.
Steps taken in the area of environmental protection ought to follow the principle of sustainable development which is understood as "… meeting the needs of the present without compromising the ability of future generations to meet their own needs" 1 . From the point of view of implementing the rules of sustainable development, it is crucial to create stable systems of wastewater collection and treatment, which are friendly for the society, environment and economy 2, 3 . Due to increasing requirements concerning soil and water environment protection, the issues of efficient wastewater collection, transport and treatment still remain a challenge. It is particularly important in areas subjected to urbanization and in rural areas where the issue of wastewater treatment requires active steps in order to address it and limit its negative influence on the environment 4 . Due to a wide range of available technological solutions, it is necessary to consider different system solutions, both centralised ones and decentralised ones 5 The selection of an optimal solution is challenging and it is usually influenced by certain conditions it has to meet, i.e. minimal cost of construction, minimal sewerage charge, following environmental protection regulations, or improving the standard of living of the users 6 .
The selection of a wastewater management method in order to minimize the influence on the environment is a rare situation and it is most often caused by specific local conditions, as well as detailed requirements imposed by environmental protection authorities or arrangements made by public consultations 7 . The conditions shaping wastewater management are complex and cost-intensive and the long process of implementing wastewater management systems ought to be preceded by an in-depth analysis concerning the selection of the optimal solution 5 .
Legal and administrative, economic, and environmental conditions determine wastewater management. Fundamental problems in wastewater management are a lack of knowledge on the subject and a lack of methods and comparative tools for the complex analysis of the environmental impact of solutions for both central wastewater treatment plants and household wastewater treatment plants 7 . This article addresses this gap by presenting a model of the environmental assessment of a system of wastewater collection, transport and treatment which different stages, ie. construction, use and end-of-life, for a given technical configuration of the system and a given size of the system expressed with the total Person Equivalent (PE). Attributional life cycle assessment (LCA) was used to assess the potential environmental burdens. Greenhouse gas emission assessment was performed using the identified main sources of environmental indicators, using the SimaPro v. 8 package with the Ecoinvent v.3 database
• The life cycle assessment was conducted in accordance with ISO 14044:2006 33 . The LCA consisted of four steps: • Goal and scope definition: The purpose of the study, the functional unit, system boundaries and association were defined. • Life Cycle Inventory (LCI): In the LCI relevant input and output data was collected and quantified.
• Life Cycle Impact Assessment (LCIA): Environmental indicators were calculated according to the IPCC method • Interpretation.
The scope of the LCA model includes four elements -septic tanks, household wastewater treatment plants, a sewerage system and a central wastewater treatment plant within the life cycle (construction, use, end-of-life stages) of the system of collection, transport and treatment of wastewater ( Fig. 1) .
System boundaries were determined and inputs and outputs for a given life cycle stages were identified for the life cycle of each element of the system of wastewater collection, transport and treatment system. The system boundaries are presented in Fig. 2 .
The environmental assessment was conducted with the Life Cycle Assessment (LCA) technique applying the Intergovernmental Panel on Climate Change method (IPCC), i.e. following the methodology proposed by the Intergovernmental Panel on Climate Change. The carbon footprint index, which is a result of applying the method, is calculated based on global warming potential (GWP) and is expressed in CO 2 equivalent. The greenhouse gas emission indices necessary for the analysis were taken from the Ecoinvent 3 database. The results are presented as greenhouse gas emission expressed in CO 2 equivalent with reference to a functional unit, which is 1 Person Equivalent (1PE) served by the system. This functional unit allows a comparative analysis between objects and it is universal for every municipal sewage system whilst taking into consideration its diversity The adopted unit is the foundation to create a universal model to assess water and sewage management. 1 PE has already been used as a functional unit in the LCA technique in Corominas et al. 12 . The functional unit of the analysis is 1 PE as a parameter which is universal for each urban wastewater system whilst taking into consideration its diversity. The assumed functional unit enables comparative analyses with other facilities and is the foundation for the creation of universal models to assess water and sewage management.
To prepare a model of carbon footprint assessment of the system of wastewater collection, transport and treatment, an original method consisting of five stages was employed, these being: preparing assumptions and basic information about the system, Life Cycle Inventory (LCI), calculating individual influence indices for inputs and outputs, calculating the influence of the system on the environment per 1 PE, and calculating the influence of the system of wastewater collection, transport and treatment on the environment (Fig. 3 ).
Stage 1. -Preparing assumptions and basic information about the system. The work carred out
in the development of the LCA model included the steps described below. The first step was the identification of the input and output for each element (LCI for septic tanks, household wastewater treatment plants, sewerage system and central wastewater treatment plant) within the life cycle based on information collected from the system of wastewater collection, transport and treatment in Poland.
Within the first stage, the following assumptions and basic information about the system were prepared:
• data on the number of users of each of the elements of the system expressed in PE -septic tanks, household wastewater treatment plants, a sewerage system and the central wastewater treatment plant, • data on septic tanks -number, material, average capacity, qualitative and quantitative parameters of the transported wastewater, • data on household wastewater treatment plants -number, type, treatment efficiency, qualitative and quantitative parameters of transported sludge, • data on the existing and/or designed sewerage system -length, material, diameters, number of wastewater pumping stations, • data on the wastewater treatment plant -assumed load of contaminants expressed in PE, the volume of wastewater treated per year, electricity and heat production from biogas (YES/NO), share of energy produced from biogas in the total energy used, concentration of treated wastewater discharged from a wastewater treatment plant, the level of reduction of pollutants, • supplementary data -use of water in the system, the average distance between the tanks, household wastewater treatment plants (HWTP) and the central wastewater treatment plant.
System of collection, transport and treatment of wastewater
Detailed description of the life cycle of the system of wastewater collection, transport and treatment system was presented by Zawartka 34 . The data concerned the differentiation of each system of wastewater collection, The life cycle of the system of collection, transport and treatment of wastewater transport and treatment, hence applying the Life Cycle Assessment method requires the individual determination of the assumptions and the provision of given information.
Stage 2. -Life cycle inventory (LCI).
By applying the collected data to the system, the next stage was the detailed inventory of the data concerning materials used, energy and substances, and pollution emission into the environment at given life cycle stages for each of the elements of the system. The inventory enabled, at further stages, calculation of the greenhouse gas emission index.
To prepare the assessment model, the following notations (used in computational formulas) were assumed:
• Index 'i' represents given types of materials used, energy and substances, and pollution emission into the environment, • Index 'j' represents individual elements of an analysed system: septic tanks, household wastewater treatment plants, a sewerage system and a central wastewater treatment plant, • Index 'k' represents given life cycle stages, including construction, use, and end-of-life stages, The use of materials, energy and substances, and emissions into the environment were balanced referring to the assumed life cycle of the system (30 years), and then converted referring to the assumed functional unit (PE).
Tables 1-4 contain inventory data with reference to 1 PE (1 Person Equivalent) split into elements of the analyzed system and given life cycle stages.
Stage 3. -Calculating individual indices of influence for inputs and outputs. The next step of the
development of the LCA model was the selection of LCIA methods for the environmental evaluation of the life cycle of the system. LCIA is the third stage of LCA after the goal and scope definition and LCI. LCIA is associated with evaluating the magnitude and significance of the potential environmental impacts. To assess the environmental potential of the system of wastewater collection, transport and treatment on the environment, the IPCC method was selected and applied in the computational LCA model.
Following the next stage of the method, it is possible to calculate individual indices of influence of the system on the environment for all the inputs and outputs, considering greenhouse gas emission indices (kg CO 2 eq).
The calculations of individual influence indices for all the used materials, energy and substances, and greenhouse gas emission into the environment were made with the IPCC method employing SimaPro 8 software with the Ecoinvent 3 database. The calculations include individual elements of the analysed system: the septic tanks, household wastewater treatment plants, sewerage system and a central wastewater treatment plant, as well as all the stages of the life cycle. Results of the life cycle-greenhouse gas emission analyses are presented in Table 5 -8. The obtained indices are necessary in order to calculate the influence of the system on the environment for any quantitative or spatial configuration and for any technical solution (e.g. number and parameters of objects, material, diameter etc.) defined during Stage 1. The last step was the development of formulas for calculating the environmental life cycle impact assessment using the selected LCIA method -IPCC. The proposed LCA model was used to assess the GHG emission of the system life cycle of a wastewater collection, transport and treatment system at a national level. The environmental indices for given inputs and outputs obtained during Stage 3 are used to conduct a Life Cycle Assessment of the whole system of wastewater collection, transport and treatment, following Eq. (1).
P i,j,k -the influence on the environment generated by used material, energy, substance or pollution emissions into the environment, for j-th element of the system at k-th life cycle stage per 1 PE, M i,j,k -the amount of used material, energy, substances and pollution emissions into the environment (for j-th element of the system and k-th life cycle stage) per 1 PE, W i,j,k, -the environmental influence index (greenhouse gas emission) for i-th type of material, substance or pollution emission into the environment (for j-th element of the system and k-th life cycle stage), i -the type of material, substance or emission into the environment (e.g. sand, steel, PCV, electricity, pollution emission and/or gases, such as phosphorus, carbon dioxide, etc.), www.nature.com/scientificreports www.nature.com/scientificreports/ j -an element of the system (septic tanks, household wastewater treatment plants, sewerage system and the central wastewater treatment plant), k -the life cycle stage (construction, use, end-of-life).
Inputs and outputs Unit
The environmental assessment per functional unit (1 PE) was determined based on the product of individual greenhouse gas emission index and the amount of materials and substances used or emissions released into the environment during the construction, use and end-of-life stages of a given element of the system.
Stage 4. -Calculating the influence of the system on the environment per 1 PE. The equation
presented in Stage 3 (1) determines the influence on the environment attributed to one type of material, energy, substance or pollution emission into the environment.
To calculate the influence of a given element of the system on the environment per 1 PE at a given life cycle stage, considering all types of materials, energy, substances and pollution emission, the following formula has to be followed (2):
where: P i,j,k -the influence on the environment generated by i-th type of material (for j-th element of the system at k-th life cycle stage) per 1 PE, P′ j,k, -the influence on the environment (for j-th element of the system and at k-th life cycle stage) per 1 PE, i -the type of material, substance or emission into the environment (e.g. sand, steel, PCV, electricity, pollution emission and/or gases, such as phosphorus, carbon dioxide, etc.), j -an element of the system (septic tanks, household wastewater treatment plants, sewerage system and the central wastewater treatment plant), k -the life cycle stage (construction, use, end-of-life).
The presented Eq. (2) enables the calculation of the influence of given elements of the system on a given life cycle stage. To calculate the total influence of given elements of the system on the environment throughout the life cycle (considering construction, use and end-of-life stages), the following equation must be applied (3) www.nature.com/scientificreports www.nature.com/scientificreports/ P′ j,k, -the influence on the environment (for j-th element of the system and at k-th life cycle stage) per 1 PE, P″ j, -the influence on the environment generated by j-th element of the system per 1 PE, j -an element of the system (septic tanks, household wastewater treatment plants, sewerage system and the central wastewater treatment plant), k -the life cycle stage (construction, use, end-of-life).
Inputs and outputs Unit
The equations presented in Stage 4 enable the assessment of the greenhouse gas emission for given elements of the system throughout the life cycle with reference to 1 PE. Stage 5. -Calculating the influence of the system of wastewater collection, transport and treatment on the environment. The next stage, following the method, concerns calculating the total influence of the system on the environment with reference to all its users (total PE). To make the calculations it is necessary to consider the total number of PE for each of the elements of the system. Equation (4) enables the calculation of the total influence, which results from using a given type of material or substance and its emissions into the environment at a given life cycle stage, on the environment:
R i,j,k -the total influence on the environment generated by i-th type of material (for j-th element of the system and at k-th life cycle stage), P i,j,k -the influence on the environment generated by i-th type of material (for j-th element of the system at k-th life cycle stage) per 1 PE, W′ j -the total PE estimated for j-th element of the system, i -the type of material, substance or emission into the environment (e.g. sand, steel, PCV, electricity, pollution emission and/or gases, such as phosphorus, carbon dioxide, etc.), j -an element of the system (septic tanks, household wastewater treatment plants, sewerage system and the central wastewater treatment plant), k -the life cycle stage (construction, use, end-of-life).
To assess the greenhouse gas emission for the life cycle of a given element of the system and a given life cycle stage, it is necessary to make calculations following this Eq. (5): R i,j,k -the total influence on the environment generated by i-th type of material (for j-th element of the system and at k-th life cycle stage), R′ j,k -the total influence on the environment (for j-th element of the system and at k-th life cycle stage), i -the type of material, substance or emission into the environment (e.g. sand, steel, PCV, electricity, pollution emission and/or gases, such as phosphorus, carbon dioxide, etc.), j -an element of the system (septic tanks, household wastewater treatment plants, sewerage system and the central wastewater treatment plant), k -the life cycle stage (construction, use, end-of-life).
To calculate the total influence on the environment generated by a given element of the system throughout the life cycle, it is necessary to follow this Eq. (6):
where: R′ j,k -the total influence on the environment (for j-th element of the system and at k-th life cycle stage), R″ j -the total influence on the environment generated by j-th element of the system, The total influence on the environment of the system of wastewater collection, transport and treatment ( ′′′ R ) can be calculated as:
j j R″ j -the total influence on the environment generated by j-th element of the system, R′″ -the total influence on the environment generated by the system, j -an element of the system (septic tanks, household wastewater treatment plants, sewerage system and the central wastewater treatment plant).
Results and discussion
The model enables the assessment of individual influence indices for all the materials, energy, substances and pollution emission into the environment for each life cycle stage of each element of the system and for the system itself as a whole. It is also possible to determine the aggregated index of the environmental assessment for each element of the system -septic tanks, household wastewater treatment plants, sewerage system and central wastewater treatment plant and for the system itself as a whole. Such a model enables the comparison of environmental effectiveness of the variants of the system of wastewater collection, transport and treatment, where given elements can have a different share of the whole. It enables simulations which show how modifying a given system influences the volume of the greenhouse gas emission. The model enables estimations of changes to the total influence of the system on the environment which result from changes to the share of given elements in the whole system of wastewater collection, transport and treatment. housing areas without a sewerage system. Wastewater from the tanks is transported using vacuum tankers to the wastewater treatment plant. The average distance between a tank and the wastewater treatment plant is approximately 8 kilometres.
In the city analysed there are 304 household wastewater treatment plants. There are 290 with septic tanks: 203 of which have a drainage field for the treated wastewater and 87 have a soakaway which fulfils the same purpose. www.nature.com/scientificreports www.nature.com/scientificreports/ Additionally there are 14 household wastewater treatment plants with active sludge technology: 10 with a bioreactor and a drainage field for treated wastewater, and 4 with a soakaway. Household wastewater treatment plants serve 912 PE and, like septic tanks, are located mainly in the suburbs, in detached housing areas without a sewerage system. Wastewater from wastewater treatment plants is discharged into the ground, and the sludge from septic tanks is transported using vacuum tankers to be treated in the central wastewater treatment plant. The average distance between a household wastewater treatment plant and the central wastewater treatment plant is approximately 8 km.
The analysed sewerage system, built as a blend of a gravity system and pressure system, consists of gravity sewers connected with wells where wastewater is transported with gravity flow under atmospheric pressure, as well as using wastewater pumping stations and sewer force mains which lift the level of the wastewater to the gravity sewer. After lifting, the wastewater flows due to gravity alone. The total length of the sewerage system is 237.9 km and it is built of different materials and is of different diameters. The material structure of the sewerage system Table 9 . Results of comparative analysis LCA of the system of wastewater collection, transport and treatment. Source: Own research. Table 11 . Greenhouse gas emission in the life cycle of the analysed system of wastewater collection, transport and treatment -base variant. Source: Own research. www.nature.com/scientificreports www.nature.com/scientificreports/ network is typical for systems operating in cities of over 15 000 PE and built within the last 20 years. Modern PCV and stoneware gravity sewers are dominant (representing over 50%). The pressure sewers are made entirely of HDPE. The sewerage system is mainly located along public roads (local roads, regional roads and national roads) and seldomly on private land. Building sewerage system networks along roads means disturbing rigid pavements, e.g. asphalt. The extensive sewerage system with one wastewater treatment plant, due to the terrain conditions, requires cooperation with 49 wastewater pumping stations. The sewerage system serves 6 685 inhabitants. It enables the collection of wastewater expressed as 57 000 PE. The network transports domestic wastewater and industrial wastewater to the central wastewater treatment plant.
Element of system Number of served PE
The central wastewater treatment plant is a facility which employs mechanical, biological and chemical processes, together with anaerobic sludge treatment. The plant is technologically divided into two parts dealing with wastewater and sludge. The wastewater part applies the classic three-stage system BARDENPHO ® (Barnard Denitrification Phosphorus Removal) called A2/O (Anaerobic/Anoxic/Oxic) for the integrated removal of carbon, nitrogen and phosphorus compounds through processing active sludge in bioreactors (RBL) with plug flow (Kusy and Tol 2013). In integrated systems for dephosphatation, nitrification and denitrification, the Tables 1-4 , were based on the information obtained from the national systems of wastewater collection, transport and treatment. For all of the elements, input and output data sets were determined, which were indispensable for conducting the assessment of the carbon footprint based on LCA. www.nature.com/scientificreports www.nature.com/scientificreports/ For all inputs and outputs identified for each element of the wastewater collection, transport and treatment system, environmental indicators were determined in relation to the reference unit. Based on the model described above, and the data from Tables 1-4, the following indices of the carbon footprint per functional unit, i.e. 1 PE, were obtained (Tables 5-9). The results of greenhouse gas emission indices were obtained using the SimaPro software 8 and Ecoinvent 3 database with IPCC method. The results presented are split into elements of the system, life cycle stages and in total for the whole life cycle. Table 9 presents the total greenhouse gas emission index of all stages of each element of the system of wastewater collection, transport and treatment: septic tank, household wastewater treatment plant, household wastewater treatment plant and central wastewater treatment plant. The greenhouse gas emission index for the analysed system of wastewater collection, transport and treatment is currently 3 290.82 kg CO 2 eq/FU (Table 9 ). Considering the current number of PE served in the city analysed, the total greenhouse gas emission index throughout the life cycle can be calculated. The length of a life cycle is determined by the construction stage, 30-year-long use stage, and the end-of-life stage. CH4 Emission −0,6% −0,4% −0,2% 0,0% 0,2% 0,4% 0,6%
Application of a model to assess the carbon footprint in the life cycle of the system of wastewater collection, transport and treatment -base variant. The inputs and outputs for each element of the system, as shown in
Travelling Screens -Disposal −0,9% −0,6% −0,3% 0,0% 0,3% 0,6% 0,9% Replacement -Sewerage System −1,0% −0,6% −0,3% 0,0% 0,3% 0,6% 1,0% Table 15 . Results of sensitivity analysis for a sewerage system throughout its life cycle. Source: Own research.
The greenhouse gas emission throughout the life cycle of the system of wastewater collection, transport and treatment in the analysed city is 148 388 532.65 kg CO 2 eq. ( Table 11 ). As the values of the indices of the LCA method are relative, the number itself does not provide too much information. Thus, it is necessary to conduct an analysis of the variants of the technical and functional solutions for the system to determine which changes result in a positive influence on the environment in the form of lowering the greenhouse gas emission index. carbon footprint assessment of the system of wastewater collection, transport and treatment in a city of over 50 000 inhabitants -variant analysis. Three feasible variants of system development were analysed from a functional, technical, organizational and financial point of view. They formed the basis for the comparative analysis with the existing solution (base variant):
In Variant 1 the existing system configuration remains unchanged, but its effectiveness changes i.e.:
• septic tanks are sealed and uncontrolled discharge of untreated wastewater from septic tanks is prevented, • all the wastewater which requires treatment is taken to the central wastewater treatment plant, which means an increase in the number of transports with vacuum tankers, • an increase in the use of biogas by 10%, resulting from intensifying wastewater sludge treatment processes (5%), eliminating burning biogas in a torch (also 5%) and eliminating sales of energy surplus produced from biogas to the grid (approximately 2 000 kWh).
In Variant 2, septic tanks are replaced with ultra-efficient household wastewater treatment plants:
• 793 septic tanks are replaced with an HWTP with a bioreactor,
• existing HWTPs with septic tanks and drainage/soakaways (290) are replaced with HWTPs with bioreactors,
In Variant 3 septic tanks and household wastewater treatment plants are eliminated and the sewerage system network is built:
• 793 septic tanks and 304 HWTPs are eliminated, • the sewerage system network is extended by 32.3 km to serve households which have been served by HWTPs and septic tanks. The new sewerage system is built as a gravity and pressure system (29.1 km of gravity sewer built of PCV ∅200, 3.2 km of pressure sewer built of PE ∅90÷∅110 and five wastewater pumping stations).
The results of the life cycle assessment of the system of wastewater collection, transport and treatment for each variant were presented in Table 12 .
In variant 1, the analysis conducted for septic tanks shows that, with reference to a functional unit, the greenhouse gas emission increases in relation to the existing solution, by approximately 85% due to increased intensity of wastewater transport with vacuum tankers. In turn, for the central wastewater treatment plant, the greenhouse gas emission decreases by 6.2% in relation to the existing solution, as 10% more biogas is used in a wastewater treatment plant. This confirms a significant positive influence of using biogas on lowering the greenhouse gas emission index, which was identified during the environmental assessment of the central wastewater treatment plant.
The analysis of variant 2 shows that, with reference to a functional unit, the influence of an HWTP on the greenhouse gas emission increases eightfold, in comparison with the existing solution, due to the fact that the wastewater from outside the wastewater system network is treated in household wastewater treatment plants. In turn, as wastewater does not have to be transported, the individual greenhouse gas emission for the central wastewater treatment plant decreases slightly.
For variant 3, with reference to a functional unit, due to the fact that all the wastewater is transported with the sewerage system and treated in the central wastewater treatment plant, in relation to the existing solution, the greenhouse gas emission increases by 6.5% for the sewerage system and decreases by 6.2% for the central wastewater treatment plant (Fig. 5) .
To date in the literature, there has not been sufficient GHG emission analysis of the life cycle of a system of wastewater collection, transport and treatment. It is worth emphasising that this paper is the first to present a computational LCA model for calculating the life-cycle greenhouse-gas emission assessment for the identified input and output of each element of the system: septic tanks, household wastewater treatment plants, sewerage system and central wastewater treatment plant within the life cycle (construction, use, end-of-life stages). The paper presents a new computational LCA model that enables the assessment of the life cycle greenhouse gas emission for the life cycle of a wastewater collection, transport and treatment system. Application of the computational LCA model enables users to conduct environmental assessment for a whole system or each element of the system and support decision making in wastewater management.
Sensitivity and uncertainty analysis
As part of the carbon footprint assessment model for the life cycle of a wastewater collection, transport and treatment system the sensitivity analysis of the impact of the calculation error (underestimation or overestimation) of the input data values for analysis was performed.
Sensitivity analysis in the modeling of technical objects or systems can be carried out simultaneously with the analysis of uncertainty and focuses on the analysis of the impact of the uncertainty of hypotheses adopted for modeling on the effects of the system operation 35 . It represents a tool to study how different uncertainties affect output information and whether the extent of uncertainty reduction resulting from epistemological sources can Scientific RepoRtS | (2020) 10:5799 | https://doi.org/10.1038/s41598-020-62798-y www.nature.com/scientificreports www.nature.com/scientificreports/ be determined 36 . Uncertainty may result from many sources, e.g. input data errors, model parameter evaluation errors or alternative object structure models. As a result, the uncertainty of the parameters at the output of the model subject to uncertainty analysis is obtained. However, the relative significance of individual causes of uncertainty is subject to sensitivity analysis.
The purpose of the sensitivity analysis in this paper was to examine the impact of all input factors used to model the life cycle assessment of individual elements of the wastewater collection, transport and treatment system and to indicate which factors may have a significant impact on the model results and the system's carbon footprint and to what extent.
The sensitivity and uncertainty analysis was conducted taking into account the following assumptions and methodological steps:
1. The calculation model changed the value of each factor at each stage of the life cycle and for each of the four elements of the system within +/−30% (in total over 200 factors at 3 stages of the life cycle and 4 elements of the system. 2. The increased value in each factor change was assumed in 10% increments, i.e. −30%, −20%, −10%, +10%, +20%, +30% (6 change scenarios). 3. If the change in the result of the calculated GHG emission for a given factor at a given stage of the life cycle for any value of the factor change increase was at least 0.1%, then the impact of changing this factor on the entire life cycle of a given element was examined. 4. Over 1,200 calculations were carried out for the abovementioned assumptions. 5. The tables and charts present only those factors whose sensitivity can be defined as noticeable for the entire life cycle of a given element, i.e. a minimum of 0.1% Table 13 presents the sensitivity of the amount of the greenhouse gases emitted throughout the entire life cycle for a given type of system element, i.e. septic tanks, depending on changes in the value of factors analyzed in the assessment model. Figure 6 presents a graphic illustration of the sensitivity of the model to the most important factors regarding septic tanks.
The change in the use of concrete has the greatest impact on greenhouse gas emissions at the construction stage of septic tanks. Underestimation or overestimation of the amount of concrete used for tank construction by +/− 30% results in a change in the amount of greenhouse gases by +/− 10.9%. In addition, the use of steel and polyester resins show significant sensitivity to GHG emissions. However, at the stage of operation of septic tanks, the change in energy consumption from the network to treat transported sewage and diesel oil consumption during sewage disposal has the largest impact on greenhouse gas emissions. A +/− 30% change in energy consumption causes a sensitivity of +/− 4.0% for greenhouse gas emissions, while a change in diesel fuel consumption to the same extent affects a +/− 2.4% change in greenhouse gas emissions. Table 14 presents the sensitivity of the amount of emitted greenhouse gases throughout the life cycle for a given type of system element, i.e. household wastewater treatment plants, depending on changes in the value of factors analyzed in the assessment model. Figure 7 presents a graphic illustration of the sensitivity of the model to the most important factors regarding household wastewater treatment plants.
The exploitation stage of household wastewater treatment plants is when greenhouse gas emission levels are most sensitive. The change in energy consumption from the network has the greatest impact on the treatment of sludge taken from household wastewater treatment plants to a central wastewater treatment plant. A +/− 30% change in energy consumption results in a +/− 10.2% change in greenhouse gas emissions. The construction stage of household wastewater treatment plants, in terms of cement and PE use, shows significant sensitivity to greenhouse gas emissions. Underestimation or overestimation of the amount of cement for the construction of household wastewater treatment plant by +/− 30% causes a change in the amount of greenhouse gases by +/− 6.1%, while in the case of PE this change is +/− 4.9%. In addition, the use of concrete (+/−2.2%) has a large impact on GHG emissions. Table 15 presents sensitivity to the amount of emitted greenhouse gases throughout the entire life cycle for a sewerage system, depending on the changes in the value of factors analyzed in the assessment model for this element of the system. Figure 8 presents a graphic illustration of the sensitivity of the model to the most important factors related to the life cycle of the sewerage system.
Greenhouse gas emissions show the greatest sensitivity during the construction stage of a sewerage system in the scope of bituminous mass use (asphalt) during reconstruction of road surfaces and production of concrete. Underestimation or overestimation of the amount of bituminous mass by +/− 30% leads to a change in the amount of greenhouse gases by +/− 10.6%, while in the case of concrete production this change is +/− 3.1%. Other parameters no longer have such a great impact. However, at the stage of the operation of the sewerage system, the change in energy consumption at sewage pumping stations is most likely to lead to changes in greenhouse has emissions. A +/− 30% change in energy consumption shows a sensitivity of greenhouse gas emissions of +/− 8.9%. Table 16 presents sensitivity of the amount of emitted greenhouse gases throughout the life cycle for a central wastewater treatment plant, depending on changes in the value of factors analyzed in the assessment model for this element of the system. Figure 9 presents a graphic illustration of the sensitivity of the model to the most important factors related to the life cycle of the central wastewater treatment plant.
Greenhouse gas emissions show greatest sensitivity during the exploitation stage, which is associated with a central wastewater treatment plant, in particular in terms of energy consumption from the network and direct CO2 emissions from the central wastewater treatment plant facility to the atmosphere. A +/− 30% change in energy consumption causes a sensitivity of +/− 10.3% in greenhouse gas emissions. In the case of direct CO2 Scientific RepoRtS | (2020) 10:5799 | https://doi.org/10.1038/s41598-020-62798-y www.nature.com/scientificreports www.nature.com/scientificreports/ emissions into the atmosphere from the central wastewater treatment plant, a change of +/− 30% on the life cycle scale of the treatment plant causes a change in overall emissions of +/− 6.1%.
Significant sensitivity connected to this element of the system is also associated with the stage of construction of the central wastewater treatment plant. Underestimating or overestimating the amount of concrete by +/− 30% results in a change in the amount of greenhouse gases by +/− 6.6%, while in the case of reinforcing steel production this change is +/− 2.8%.
Other parameters do not have such a significant impact on the final balance of greenhouse gas emissions from the central wastewater treatment plant.
The conducted sensitivity analysis showed that it is possible to indicate factors, whose values are adopted in the model, which are significant for the simulation results of the model. Each of the system elements is sensitive to several important input factors related to the use of raw materials in the life cycle, at a level of up to approximately 10%. It is important to indicate the stages of construction of all the system components where factors such as the use of concrete, steel, cement, polyethylene and asphalt determine the highest greenhouse gas emissions and a change in their value of up to 30% may increase or decrease GHG emissions throughout the entire life cycle from 4.0% to up to approximately 10%.
GHG emission sensitivity at the system exploitation stage is mainly related to energy consumption and in this respect the model shows a significant relationship where energy consumption for household wastewater treatment plants, sewerage system and central wastewater treatment plant changes up to 30%, GHG emissions change by 9%-11%. It should be highlighted that the vast majority of input parameters in the model, in the form of factors which show the highest sensitivity, can be accurately measured at the stage of designing work and operational measurements, therefore, it can be concluded that uncertainty in this respect does not significantly distort the results of the assessment.
The sensitivity of changes in GHG emissions to input/output factors at the decommissioning stage of each of the system components is negligible.
conclusions
The developed method enables the assessment of the influence of each element of wastewater collection, transport and treatment system throughout its life cycle or at any of its stages. The assessment can be conducted for the current state of a system, for a newly-planned system or the expansion of a system. It enables the comparative analyses of different system configurations. The assessment is conducted with reference to a functional unit expressed as 1 PE and for the whole system, considering the influence of all the system elements on greenhouse gas emission.
The application of a functional unit, against which the environmental assessment is conducted for the whole system, i.e. 1 PE, is a novel approach which enables a universal reference level to be obtained whilst comparing elements of the system and other systems. It was observed that the central wastewater treatment plant has the highest greenhouse gas emission, while the sewerage system has the lowest. During the construction stage, the highest greenhouse gas emission was observed for three elements of the system, but not the central wastewater treatment plant, where the greenhouse gas emission was the highest at the use stage. The analyses showed that using biogas to produce electricity instead of using electricity from the grid has a lot of benefits for the environment. Every element of the system where biogas was applied showed a decrease in greenhouse gas emission. Analyses show that that recycling at the end-of-life stage is an environmental benefit for greenhouse gas emission. Comparative analyses conducted for different variants of technical solutions showed that the use of energy at the use stage of a wastewater treatment plant determines the influence of the whole system on greenhouse gas emission, and the most effective decrease in greenhouse gas emission in the whole system is obtained by increasing the production of electricity from biogas. An increase in the use of biogas to produce electricity by 10% in the wastewater treatment plant enables the lowering of emissions in the whole system by 3.65%. One important aspect is the comparison of the variants of operating septic tanks and HWTPs (scattered system) and the sewerage system network with the central wastewater treatment plant (centralised system), which shows that, with reference to environmental benefits associated with lowering greenhouse gas emission, the sewerage system network is a better solution than septic tanks and HWTPs. The conducted sensitivity analysis showed that it is possible to indicate the factors, whose values are adopted in the model, which are significant for the results of the assessment, which can be the basis for improving the design and operational aspects of the system to reduce greenhouse gas emissions. It is an important conclusion in the search for solutions to lower carbon footprint in wastewater management, especially in those areas where there are dilemmas concerning which solution is better from an economic and an environmental point of view, e.g. in suburbs or housing areas.
The research problem addressed is significant with regards to the European Commission's guidelines and the new challenges of the circular economy. Therefore, the results obtained and the assessment method may be a practical tool for the assessment of whether the aforementioned guidelines are met in wastewater management. Both the model itself and the detailed data collected for the city system of differentiated types of housing and over 50 000 PE will undoubtedly be useful in further research.
